Abstract Two plasma reactors have been developed and used to degrade dye wastewater agents. The configuration of one plasma reactor is a comb-like extendable unit module consisting of 5 electrodes covered with a quartz tube and the other one is an array reactor which is extended from the unit module. The decomposition of wastewater by ns pulse dielectric barrier discharge (DBD) plasma have been carried out by atomizing the dyeing solutions into the reactors. During experiments, the indigo carmine has been treated as the waste agent. The measurements of UV-VIS absorption spectroscopy and the chemical oxygen demand (COD) are carried out to demonstrate the decomposition effect on the wastewater. It shows that the decoloration rate of 99% and the COD degradation rate of 65% are achieved with 15 min treatment in the unit reactor. The effect of electrical parameters on degradation has been studied in detail. Results from the array reactor indicate that it has a better degradation effect than the unit one. It can not only totally remove the chromogenic bond of the indigo carmine solution, but also effectively degrade unsaturated bonds. The decoloration rate reaches 99% after 10 min treatment, the decomposition rate of the unsaturated bond reaches 83% after 60 min treatment, and the COD degradation rate is nearly 74%.
Introduction
The release of organic pollutants, which are toxic, difficult to degrade, and produced in industrial production processes, is one of the main sources of water pollution, especially the dye wastewater from the textile industry. Due to the large number of aromatic rings in dye molecules, conventional biological and chemical treatment methods may not always be suitable for treating the dye wastewater [1] . Moreover, biodegradation is often too slow, and chemical degradation often engenders secondary pollution. Therefore a new, highly effective, energy-saving wastewater treatment technique needs to be found.
Advanced oxidation processes, such as the ozone oxidation process, the photocatalytic oxidation process, the wet oxidation process, and so on, are obviously effective to the organics. Electrical discharge is a joint process of various advanced oxidation ones, which is more effective than a single advanced oxidation process. Electrical discharges in water have been demonstrated to generate plasma that stimulate a variety of physical and chemical effects, such as high electric field accelerating the electron to high-energy, intense UV radiation, over pressure shock waves, aqueous electrons, and in particular, chemically active species (O 3 , OH·, H·, etc.) [1∼3] . These products or resultants are effective for destroying pollutant molecules. In 1987, CLEMENTS firstly introduced the technology of high voltage pulsed discharge to decompose the polluted water, and the decoloration rate of the anthraquinone (C 14 H 8 O) was more than 80% [4] . Recently, with the development of plasma and pulse power technology, non-thermal plasma produced by pulsed discharge is considered to be a future technique for the degradation of pollutants in aqueous solution. SHARMA et al. investigated the influence of the treatment on phenol using different types of discharges, and verified that the pulse corona discharge can oxidize and decompose phenol into small molecules [5, 6] . SUN et al. [7] indicated that the type of discharge was a very important issue to the decomposition of phenol: spark discharge was the most efficient for degradation; the flow discharge was less effective; and the corona discharge was the least effective. Domestic research on degrading water pollutants by plasma started in 1990s. LI Shengli et al. directly decolored blue 2B and reactive brilliant red X-3B wastewater with ns pulse corona discharge, and the decolorization rate can exceed 95% [8] . WEN Yuezhong et al. combined high voltage pulse discharge and ozona-tion to degrade 4-chlorophenol (4-CP) in water, and found that the rate of 4-CP degradation increases with the reduction of the electrode distance [9] . WU Yan et al. conducted decolorization of dye wastewater by bipolar pulsed discharges, and found it is more effective than the monopolar one [10] . BIAN W J et al. has recently conducted a study of intermediate products in the degradation of 4-cholorophenol by pulsed high voltage discharges in water [11] , and LI Shengli et al. studied the OH· and H 2 O 2 formation in the discharge by using magnetic compression nanosecond pulsed power [12] . Although it has been proved that plasma can effectively decompose wastewater, the mechanism of the process is still beyond our current full understanding. More importantly, the high energy consumption of plasma in decomposing wastewater keeps it from wide applications to industrial practice. Much attention has recently been paid to the study of the plasma decomposition mechanism by measuring and monitoring the intermediate products during the processes and the exploration of the best method to improve the energy efficiency by trying various kinds of reactor configurations and power supplies. In this paper, for the purpose of exploring new structure reactors for wastewater treatment and reducing the energy cost, a pulsed-DBD discharge reactor is used to produce non-thermal plasma in the gas phase, and the wastewater is atomized and introduced into the plasma for treatment. This system combines discharge in air-liquid with low cost power supply, and directly utilizes ozone, free radicals, and UV radiation for treating the wastewater. The utilization of a dielectric layer is for protecting the electrode against corrosion and avoiding a large current to increase energy consumption. In experiments, indigo carmine dyeing water is selected as the wastewater agent.
Experimental setup
Two plasma reactors have been developed. One is an extendable unit module consisting of 5 electrodes covered with a quartz tube. Another one is an electrode array reactor which is extended from the unit module. Fig. 1 shows the first pulsed-DBD reactor used in the experiments, the unit module one. The reactor consists of five electrodes, which are held in parallel by two Teflon covers at the end side of electrodes, and then enclosed in a transparent PMMA pipe. The electrodes are made of red copper with 4 mm diameter and 185 mm length. The electrode system is implemented as a square, as showed in Fig. 2 . In the middle of the square is the high voltage powered electrode, surrounding by four grounded counterparts. Every electrode is inserted into a quartz tube of 1 mm in thickness. There are several holes in the two Teflon covers for keeping the reactor from filling with the ambient air and leaking the treated water into the water tank, as shown in Fig. 1 . The second reactor is extended from the unit module as shown in Fig. 3 . The powered electrodes are placed in the middle of the arrays. In order to save cost and ignite discharge easier, the electrodes are threaded stainless steel rods. The length of the electrodes is 315 mm, and their diameter is 6 mm. The length and diameter of the electrodes are greater than those of the unit module. The reason for this is to ensure that the electrodes are parallel and to enlarge the discharge area. Water spray is injected into the reactor by an atomizing jet placed on the top lid. The atomizing jet had three holes, each with a diameter of 0.3 mm. When the high voltage is applied, both air and water droplets will be broken down and produce plasmas in gas-liquid phase in the reactor, which degrade the hazardous component in the water.
The high voltage pulse power, as shown in Fig. 4 , is generated by raising the AC voltage and then rectifying the AC output via a high voltage silicon diode stack. The high DC voltage from the rectifying diode is used to charge the capacitor C2, which is discharged into the DBD reactor to produce plasma through the shaping cable. The discharge is triggered by a hydrogen thyristor, which is controlled by a trigger control unit. The range of the pulse frequency is 1∼1000 pps (pulses per second). The waveforms of pulsed voltage and discharge current are recorded by an oscilloscope (Tektronix, DPO-4104) via a 1/1000 high voltage probe (Tektronix P6015) and a 0.1 V/A current probe (Pearson, 411), respectively. The power discharging into the reactor is estimated by the pulse frequency and the charging voltage of the capacitor. Fig.4 The pulsed power supply
is selected as the target pollutant agent. The structural formula of indigo carmine is shown in Fig. 5 . A chromogenic bond of indigo carmine is a single C=C double bond substituted by two NH donor groups and two C=O acceptor groups are at the center of the formula. The unsaturated bond is a double bond of carbon in a benzene ring and the center of the formula of indigo carmine. During experiments, the decomposition rates of chromogenic and unsaturated bonds of indigo carmine are measured with the UV-and visible-light absorption spectra by using a Hitachi U-2900 model spectrophotometer. 6 shows the typical waveforms of discharging voltage and current of the plasma reactor. It is indicated that the discharging voltage waveform is in damped oscillation form with several pulse peaks lasting about 1.2 µs. The first maximum pulse has a magnitude of 17 kV, with 130 ns width and 50 ns rise time. The pulse energy obtained from the product of pulsed voltage and discharge current is 25 mJ. Fig. 7 shows the appearance of discharge in the unit reactor. From  Fig. 7 , it is demonstrated the discharge is relatively stable and uniform between the electrodes. Fig. 9 is the absorption UV and visible spectra of the indigo carmine solution at three treatment time instants in the process of Fig. 8 . Measured in a 1 cm thickness cuvette, from 200 nm to 700 nm UV and visible wavelength range, the spectra of indigo carmine solution has three absorption peaks at wavelengths of 250 nm, 286 nm, and 610 nm, respectively. The strong absorption band of the chromophore at 610 nm is responsible for the blue color of the solution. As the treatment time is increased, the absorption is weakened, which suggests that the bond for blue colors is decolored during the discharge. Fig.9 The UV-visible absorption spectrum of the processed sample
The C=C chromophore bonds of the indigo carmine molecule was found to be very reactive [13] . Furthermore, the presence of the sulfonate electro-attractor groups in the indigo carmine molecule weakens the electronic density of the aromatic rings, which favors the electrophilic attack of the nitrogen atoms in the dye molecule. Any reaction that leads to the destruction of the C=C chromophore bonds in the indigo carmine molecule can result in the decoloration. In our experiments, when the high voltage is applied, the O 2 in air and H 2 O molecules in the water droplets are disassociated, excited and ionized under the bombardment of energetic electrons generated in the high electric field. Consequently, the various active radicals such as OH·, O·, H 2 O 2 and ozone O 3 are produced as well as the UV radiation [2, 3, 14, 15] . These active radicals and UV radiations react with the C=C chromophore bonds in the indigo carmine molecules and break the C=C bond to give an aldehyde or ketone [13] . Thus, the absorption band at 610 nm decreases rapidly and finally disappears after 15 min treatment.
Except for the disappearance of the absorption peaks, a shift of absorption peaks is also observed. Table 1 shows the variation of absorption peaks of indigo carmine with the treatment time. A bathochromic shift from λ 1 = 286 nm to 298 nm and a hypsochromic shift from λ 2 = 250 nm to 242 nm are observed after 15 min treatment. Simultaneously, the relevant absorption intensities increased, as shown in Fig. 9 and Table 1 . The increase of absorption spectrum amplitude at 250 nm may correlate with the intermediates of the indigo carmine degradation [13] , which needs further study by measuring the intermediate products during the treatment. Fig. 10 is the COD decomposition rate of indigo carmine solution at each treatment time instant in the case of Fig. 8 . The COD decomposition rate reaches about 65% after 10 min treatment. After that, the COD value changes with small amplitude variation, which is due to the variation of solute in the indigo carmine solution. Fig.10 The decomposition rate of COD in the processed sample 3.1.2 The effect of electrical parameters Fig. 11 shows the decoloration rate as a function of the discharging voltage at the same frequency of 100 pps. Table 2 shows the absorption of the chromophore for different discharging voltage with treatment time ranging from 5 min to 15 min. The increase of the discharging voltages from 15 kV to 21 kV results in an improvement of decoloration rate from 42% to 80% with 5 min treatment and from 67% to 99% with 10 min treatment. An increase of discharging voltage at the same repetition frequency is equivalent to an increase of the electric field between the discharging gaps. The free electrons in the discharging space are accelerated to energetic electrons in a short time, and the acceleration of the electrons is proportional to the electrical field. So the increase of discharging voltage results in the acceleration of speed and the strengthening of the electronic avalanche, thus the electrons get more energy in the same time period. The function of the electronic energy is a normal distribution, due to the increase of the average electronic energy, and the amount of electrons with high energy will be increased, so more active radicals will be produced. For example, according to the generation mechanism of ozone, when oxygen molecules collide with those electrons whose energy is greater than 5.1 eV [16] , the disassociate energy of O 2 , the oxygen molecules will be disintegrated into oxygen atoms through process O 2 + e → O * + O * + e. The oxidation potential of atomic oxygen is greater than that of ozone, therefore these atoms could break the chromogenic bond and the solution is decolored. When the atomic oxygens react with the oxygen molecules and other molecules or the reactor wall, a large amount of ozone is produced, which participates in the reactions to degrade the pollutant. Fig. 12 shows the decoloration rate as a function of the frequency with the same discharging voltage of 18 kV. Table 3 gives the absorption of the chromophore for different frequencies under different treatment times. The increase of the pulse frequency results in 47% and 26% increase of decoloration rate under 5 min and 10 min treatment, respectively. As to the high-voltage power used in our experiment, its pulse width and duration remain almost unchanged when the repetition frequency is increased at the same discharging voltage. The increase of pulse frequency leads to the increase of discharging numbers, namely the quantity of active species produced during the discharge is increased in the same time period, and thus an increase of the frequency can indeed improve the degradation rate.
The decoloration rate is evaluated by the total energy discharging into the reactor. Fig. 13 shows the indigo carmine decoloration rate versus the total energy for different discharging voltages at 100 pps frequency. The decoloration rate increases as the total energy increased. As shown in Fig. 13 , the highest energy efficiency for the decoloration is achieved at around 15 kV voltage. Lower discharging voltage provides higher energy efficiency for the decoloration. DBD is a streamer discharge with the propagation velocity of 1.8∼3.3 mm/ns [17] . The streamers could reach a counter electrode in 10 ns, considerably shorter than the rise time of the pulsed voltage used in our experiment. The active species, such as radicals and UV light, are mainly generated via a high electric field of the streamer top [18] . After the streamer bridged the counter electrodes, the generation of radicals and the diffusion of UV light would decrease considerably, simultaneously most of the energy would be consumed in the heating of gas and water. Hence the discharge with lower discharging voltage has the higher energy efficiency. Fig. 14 shows the indigo carmine decoloration rate versus total energy for various frequencies with a discharging voltage of 18 kV. The decoloration rate increases as the total energy increased. It is found that the lower frequency, the higher energy efficiency for the decoloration. As for discharge in air-liquid phase, ozone is the dominant radical to decompose the chromogenic bond owing to its faster reaction speed than OH· and H 2 O 2 [19] . It is known that the reaction rate of ozone is 10 2 ∼ 10 3 L/(mol·s) [18, 20] , and the lifetime of ozone is much longer than the time interval between two consecutive pulses. It means that the ozone generated by the previous pulse would remain alive until the following pulse is coming. As the frequency increases, the amount of ozone in the reactor tends to become saturated. Thus the energy efficiency of decoloration decreases. 
Treatment in extended reactor
The extended reactor is an electrode array reactor extended from the unit module, as shown in Fig. 3 . In this case, its effects on decomposition of both chromogenic bond and unsaturated bonds are investigated. Although the unsaturated bonds is decomposed in the unit reactor, the effect is not obviously and is not shown in previous section. The wastewater agent is still the indigo carmine solution with the concentration of 1×10 −4 mol/L, which is twice the concentration used in the unit reactor. Fig. 15 shows the time variation of UV and visible absorption spectra of the indigo carmine solution at the discharging voltage of 18 kV and the frequency of 80 pps. As the treatment time increased, the absorption rate of the absorption peak decreases. The absorption peak of chromogenic bond (610 nm) disappears and the absorption peak at 286 nm becomes smooth after 10 min treatment, the absorption peak of unsaturated bonds (250 nm) also becomes smooth after 60 min treatment. There is also a hypsochromic shift of the unsaturated bonds from 250 nm to 240 nm with the growing of the relevant absorption intensities. Fig.15 The UV-visible absorption spectrum of indigo carmine sample processed in the extended reactor (color online) Fig. 16 is the time evolution of the indigo carmine solution decomposition rate at 18 kV discharging voltage and 80 pps frequency. The decoloration rate reaches 99% after 10 min treatment, which suggests that the chromogenic bond is decomposed completely. Although the unsaturated bonds is not degraded completely, the decomposition rate reaches 83%. The effect on decomposition of the unsaturated bonds in the extended reactor is more obviously than that in the unit reactor. It is possible that the discharge area is larger in the extended reactor with more active species produced and larger joint interface between the water drop and the active species. Beside the decoloration, the COD of the indigo carmine solution during treatment is also measured during the experiments. The original value of COD is 116.34 mg/L which is reduced to 30.63 mg/L after 60 min treatment, and thus the decomposition rate of COD reaches 74%.
Conclusions
Two plasma reactors have been developed. One is an extendable unit module consisting of 5 electrodes covered with quartz tubes. Another one is an electrode array reactor which is extended from the above unit module. The decomposition of wastewater using ns pulse plasma has been tested by atomizing the dyeing solutions into the reactor. The chromogenic bond and unsaturated bonds of dye are decomposed, especially in the extended reactor, the decoloration rate reaches 99% after 10 min treatment, and the decomposition rate of unsaturated bonds is 83% after 60 min treatment. The experiments show that the non-equilibrium plasma in gas phase generated by pulsed power is effective to decompose the indigo carmine in atomizing water solution. In the experiment of the unit reactor, it is found that the discharge with lower discharging voltage and lower frequency provide higher energy efficiency of decoloration.
